Although lower-resource countries have by far the highest burden of tuberculosis, knowledge of Mycobacterium tuberculosis population structure and genetic diversity in these regions remains almost nonexistent. In this paper, 150 Moroccan M. tuberculosis isolates circulating in Casablanca were genotyped by random amplified polymorphic DNA analysis using 10 different primers and by mycobacterial interspersed repetitive unitsvariable number of tandem repeats typing at 12 loci. The population genetic tests revealed a basically clonal structure for this population, without excluding rare genetic exchanges. Genetic analysis also showed a notable genetic polymorphism for the species M. tuberculosis, a weak cluster individualization, and an unexpected genetic diversity for a population in such a high-incidence community. Phylogenetic analyses of this Moroccan sample also supported that these isolates are genetically heterogeneous.
Today, tuberculosis remains the leading cause of mortality due to a single infectious agent. The incidence is increasing worldwide, especially in developing countries. It has been estimated that one third of the world's population is infected, which represents a huge reservoir for the disease (7, 32) .
The understanding of tuberculosis transmission dynamics has been greatly enhanced by the development of various DNA typing methods (5, 14, 20, 22, 36, 47, 48) . New markers based on variable number of tandem repeats (VNTR) in eukaryoticlike minisatellites have been identified in 12 independent loci of the Mycobacterium tuberculosis genome. These elements, named mycobacterial interspersed repetitive units (MIRUs), have already been used for strain typing and for molecular epidemiology studies of tuberculosis (27, 40) . Moreover, contrary to the standard restriction fragment length polymorphism based on IS6110, these markers reveal the variability of independent genetic loci and are therefore better usable for population genetics purposes, since the analysis of linkage disequilibrium requires that independent loci are identified.
Besides these specific markers for M. tuberculosis typing, the random amplified polymorphic DNA (RAPD) technique has been used for various kinds of microorganisms (2, 52) , including M. tuberculosis isolates (16, 33) . Moreover, since it samples the overall diversity of genomes and corresponds therefore to a generalist marker (43) , this method allows the comparison of genetic diversity between different microorganisms.
In Morocco, the global incidence of all clinical forms of tuberculosis is very high, with nearly 104 new cases per 100,000 inhabitants yearly, representing about 30,000 new cases per year. Casablanca, the biggest city and the economic capital of Morocco, includes almost one-fifth of the total cases recorded in the country (National Anti-tuberculosis Fight Program, Department of Health, Rabat, Morocco). Despite the use of the directly observed treatment short-course strategy for controlling the disease since 1991, the incidence is still increasing (29) . Several reports on the incidence and the distribution of tuberculosis in the different communities of the country have been published (1, 11, 23) , but genetic studies are rare (9, 10, 24) . In this work, RAPD and MIRU-VNTR were used to analyze the genetic diversity and the population structure of the M. tuberculosis isolates circulating in Casablanca.
The study included 150 M. tuberculosis sputum isolates, mostly collected in 1997 (49 isolates) and 1998 (60 isolates). They came from six different districts of Casablanca: "Hay Mohammadi Aïn Sebaa" (HMAS) (97 isolates), "Ben Msik Sidi Othmane" (22 isolates), "Casablanca Anfa" (16 isolates), "Fida Derb Sultan" (3 isolates), "Hay Hassani Aïn Chock" (6 isolates), and "Mohammedia" (2 isolates), except 1 isolate, which came from Benslimane, a city located about 50 km from Casablanca. For three isolates, the patients lived in Casablanca, but there is no information about the district and the year of diagnosis of tuberculosis. Most of the isolates were collected from patients living in the HMAS district, where the incidence of pulmonary tuberculosis is even higher than in the other districts. Nearly 450 new cases per year were recorded in this district, but not all the isolates were cultured and available for genetic analysis. All the isolates included in this study were cultured on Löwenstein-Jensen medium and identified as M. tuberculosis by conventional biochemical methods (15) . The DNA was extracted by a standardized protocol described previously (49) .
Twenty-two additional stocks were kindly provided to us in the form of purified DNA and were added to the collection for comparison purposes and phylogenetic analyses, bringing the total samples analyzed up to 172. They include three Moroccan stocks of Mycobacterium bovis (J. Berrada, Institut Agronomique et Vétérinaire, Rabat, Morocco), 10 M. tuberculosis stocks from other countries, and 9 stocks from other species of the M. tuberculosis complex (K. Kremer and D. van Soolingen, RIVM, Bilthoven, The Netherlands). These 19 stocks had already been described and analyzed in previous studies (22, 40) .
The RAPD technique was performed according to the method of Williams et al. (52) . For each of the 10 primers used (Table 1) , a negative control was added to check the specificity of the pattern obtained. The reproducibility of the patterns was tested for each primer and each stock. All bands obtained on RAPD gels were numbered and scored as presence or absence data.
MIRU typing with loci 2, 4, 10, 16, 20, 23, 24, 26, 27, 31, 39, and 40 was performed by using the method described previously (27, 41) . These data are available at http://www.ibl.fr /mirus/mirus.html. Fifty stocks were also analyzed by a system combining multiplex PCR analysis on a fluorescence-based DNA analyzer with computerized automation of the genotyping. The protocol for the amplification and the computerassisted typing was described previously (27, 40) .
To obtain the genetic variability of the isolates circulating in Casablanca, a set of diversity indices including genotypic diversity, polymorphism rate (30) , and mean genetic diversity (35) was evaluated.
The population structure was explored by a set of complementary statistical tests (d1, d2, e, f, and g tests) (45, 46) . All of them take panmixia (random genetic exchange) as a null hypothesis. They all explore the presence or absence of genetic recombination among loci and are based on the analysis of linkage disequilibrium (nonrandom association of genotypes occurring at different loci) (45, 46) . The g test estimates the correlation between independent genetic markers by a nonparametric Mantel test (25) , which is based on Monte Carlo simulation with 10 4 iterations (44) . A correlation between independent genetic markers is a particularly strong evidence of linkage disequilibrium (44, 46) .
Phylogenetic relationships among the isolates were inferred from RAPD and MIRU data by using neighbor-joining analysis (34) based on Jaccard's distances matrix (19) and the Wagner analysis (12, 21) with bootstrapping (8) to test the robustness of the nodes. For all the analyses, a Mycobacterium canettii stock was used as an outgroup (22) . The distance matrix and the phylogenetic trees were computed using the Genetics Toolbox and Treedyn softwares (6) designed in our laboratory and the PHYLIP software (J. Felsenstein, 3.5c ed., 1993; Department of Genetics, University of Washington, Seattle).
For the genetic diversity analysis and the study of the population structure of M. tuberculosis in Casablanca, only the 150 Moroccan isolates were considered. Different subgroups were defined in order to better understand the distribution of the diversity in the sample under study and to avoid biases due to geographical and/or temporal separation (Wahlund effect) (46) . Due to weak sampling, the districts "Ben Msik Sidi Othmane" and "Casablanca Anfa" were not included in these analyses. The different genetic indices were calculated in each group for the RAPD and MIRU data ( Table 2) .
The values obtained with the RAPD data were almost always higher than those obtained with the MIRU data, which suggests that the RAPD technique allows detection of more mutational events than the MIRU technique. However, for both genetic markers, the diversity was notable and almost equivalent in all the subgroups under study ( Table 2 ). The polymorphism rate showed that all the RAPD primers gave polymorphic patterns in all the groups, and for the MIRU-VNTR loci only 1 out of the 12 loci (locus 24) was totally monomorphic (data not shown).
The phylogenetic analysis showed that the Moroccan M. tuberculosis isolates were not separated from the other M. tuberculosis stocks, regardless of the analysis used (Wagner or neighbor-joining analysis based on MIRU or RAPD data). Figure 1 shows a neighbor-joining tree based on the MIRU-VNTR data, with the overall sample under study. All 22 reference stocks were interspersed among the Moroccan M. tuberculosis isolates, except for Mycobacterium microti P56, which fell apart from the whole group together with M. canettii P48, used as an outgroup. Two out of three Moroccan stocks of M. bovis were also mixed with the Moroccan M. tuberculosis isolates, except for K5. Moreover, except for Mycobacterium africanum P55, all the other reference stocks not belonging to the M. tuberculosis species were clustered apart from the Moroccan M. tuberculosis isolates. From the phylogenetic trees, we could distinguish different groups, but none was associated with the geographical origin of the patients. Moreover, the Wagner analysis with bootstrapping performed on the same data gave mainly low bootstrap values (data not shown).
The linkage disequilibrium, the degree of overrepresentation of multilocus genotypes, and the absence of recombinant (22, 40) . For the reference M. tuberculosis stocks, the geographic origin is indicated. The other stocks in the tree correspond to the Moroccan M. tuberculosis sample. VOL. 42, 2004 NOTES 463 genotypes were analyzed for all RAPD primers and MIRU-VNTR loci. To lower the potential occurrence of geographical and/or temporal bias within the population (Wahlund effect), the linkage disequilibrium tests were applied separately per district and per year of collection. The samples studied and the results obtained are listed in Table 3 . The values obtained for the f tests were almost constantly highly significant regardless of the genetic marker, indicating significant linkage disequilibrium in all the samples. The Mantel tests (g tests) performed between the two sets of data were also significant for almost all the groups studied (P Յ 0.05), indicating also significant linkage disequilibrium in the population under study. This was further confirmed by the results obtained with d1, d2, and e tests, suggesting globally significant overrepresentation of certain multilocus genotypes (tests d1 and d2) and the absence of recombinant genotypes (test e), two additional complementary criteria of clonality. In order to distinguish the occasional spread of ephemeral clonal genotypes in a basically sexual species, referred to as epidemic clonality by Maynard Smith et al. (26) , from a predominant clonal evolution, the linkage disequilibrium tests were done by processing each genotype as a single individual. Again, globally significant results were obtained for these analyses (P Յ 0.01 for the f test; data not shown). This work represents the first genetic study on tuberculosis transmission and M. tuberculosis population structure in Morocco. Among the 150 Moroccan isolates, 149 have been randomly selected in different districts of Casablanca. Therefore, this sample, although not exhaustive, provides a good prospective basis for population genetics analysis. With appropriate quality controls, RAPD is usable for any organism. MIRU-VNTR genotyping was used as a convenient reference, since it has recently shown its potential for molecular epidemiology and population structure studies of M. tuberculosis (27, 40, 42) .
The results obtained with the two markers gave convergent indications of different manifestations of linkage disequilibrium, which is considered strong evidence for a basically clonal population structure (44) (45) (46) . Moreover, the hypothesis of epidemic clonality proposed by Maynard Smith et al. (26) is not corroborated by the significant results obtained when each genotype was treated as a single individual in the linkage disequilibrium tests. These data and those obtained by Supply et al. (42) in a South African population with MIRU-VNTR and IS6110-restriction fragment length polymorphism analysis support the hypothesis that M. tuberculosis undergoes predominant clonal evolution, even in regions in which different strains may have ample opportunities for genetic exchange. However, the low bootstrap values recorded on this Moroccan sample lead us to not completely exclude the occurrence of occasional horizontal gene transfer, since such transfers tend to cloud the individualization of distinct phylogenetic lines.
A notable polymorphism was revealed with both markers in this population. This finding is consistent with results obtained on different pathogenic microorganisms with clonal evolution. On the basis of RAPD, regardless of the primer used, we could compare the level of polymorphism obtained in this M. tuberculosis population with those obtained for other bacterial species and for certain protozoan species with a well-known population structure (43, 45) . As examples, we give below several values of mean genetic diversity obtained for microorganisms undergoing predominant clonal evolution: 0.14 for Leishmania infantum (18), 0.8 for Trypanosoma cruzi (3), 0.42 for Saccharomyces cerevisiae (S. Joly, unpublished data), 0.51 for Candida albicans (M. Darce, unpublished data), and 0.85 for Escherichia coli (M. Grandhomme, unpublished data), whereas the value obtained for M. tuberculosis in this study is around 0.4. Therefore, the genetic diversity of M. tuberculosis appears to be significant by comparison with other predominantly clonal species.
The notable genomic diversity observed in this study is in apparent contrast with data obtained by sequencing M. tuberculosis structural genes (28, 39) , suggesting an extreme reduction of silent nucleotide substitutions in M. tuberculosis compared to E. coli and other bacterial species. However, the results reported here are supported by those obtained from a recent whole-genome comparison between different M. tuberculosis strains (13) , indicating more extensive overall genetic polymorphism. These apparently divergent observations can be reconciled by the fact that (i) specific gene families may display distinct variabilities in the M. tuberculosis genome (13) , and (ii) genetic variation is also driven by insertion/deletion events (4), by transposition (39) , and by variations at numerous loci containing repetitive sequences, including MIRU-VNTR and other VNTRs (14, 36, 37, 41) . Such multiple sources of polymorphism interspersed in a backbone of conserved structural genes are detectable by RAPD, which samples overall genome variability.
This relatively high genetic diversity was recorded in the Moroccan population, regardless of the subsample (per year or per district) considered, and for all diversity indices under study ( Table 2 ). The results obtained were rather unexpected, since other studies have demonstrated lower levels of genetic diversity in high-incidence communities (17, 31, 50, 51) . The MIRU-VNTR genotypic diversity in this sample (0.63) was higher than that observed in a sample from a Cape Town suburb area (0.46) (42), another setting with a very high inci- dence of tuberculosis. From the phylogenetic analysis, no obvious dominant groups of very closely related strains were apparent in the Moroccan collection ( Fig. 1) , even when the HMAS district of Casablanca or the year of isolation was considered alone (data not shown). This is also in contrast with observations made in other regions with high incidence (42, 50) .
In conclusion, the data obtained in this study and the results published on a South African population (42) suggest that predominant clonal evolution is not a local specificity but rather is the rule for M. tuberculosis. This hypothesis will have to be fully confirmed by studies of M. tuberculosis population structures in additional communities with different incidence levels, since microorganisms may develop different strategies according to the environment in which they evolve (e.g., E. coli 38).
The genetic diversity recorded in this study and previously published data (13, 28, 39) suggest that the genome of M. tuberculosis contains hypervariable regions and other less variable regions, suggesting that different selection pressures occur along the genome. This implies that the choice of the molecular marker is crucial with respect to the objectives of a given study.
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